The present work aimed to investigate the activities and underlying mechanisms of dioscin against alcoholic liver fibrosis (ALF). In vivo liver fibrosis in mice was induced by an alcoholic liquid diet, and in vitro studies were performed on activated HSC-T6 and LX2 cells treated with lipopolysaccharide. Our results showed that dioscin significantly attenuated hepatic stellate cells (HSCs) activation, improved collagen accumulation, and attenuated inflammation through down-regulating the levels of myeloid differentiation factor 88 (MyD88), nuclear factor κB (NF-κB), interleukin (IL)-1, IL-6 and tumour necrosis factor-α by decreasing Toll-like receptor (TLR)4 expression both in vivo and in vitro. TLR4 overexpression was also decreased by dioscin, leading to the markedly down-regulated levels of MyD88, NF-κB, transforming growth factor-β1 (TGF-β1), α-smooth muscle actin (α-SMA) and type I collagen (COL1A1) in cultured HSCs. Suppression of cellular MyD88 by ST2825 or abrogation of NF-κB by pyrrolidine dithiocarbamate eliminated the inhibitory effects of dioscin on the levels of TGF-β1, α-SMA and COL1A1. In a word, dioscin exhibited potent effects against ALF via altering TLR4/MyD88/ NF-κB signaling pathway, which provided novel insights into the mechanisms of this compound as an antifibrogenic candidate for the treatment of ALF in the future.
Scientific RepoRts | 5:18038 | DOI: 10.1038/srep18038 associated with noninfectious inflammatory diseases of liver 16 . TLR4, one receptor for LPS, can trigger two different signaling pathways, in which one is a myeloid differentiation factor 88 (MyD88)-dependent pathway and leads to the rapid activation of nuclear factor κ B (NF-κ B) and increased tumour necrosis factor-α (TNF-α ) production, and the other is an MyD88-independent pathway requiring the Toll/interleukin-1 receptor (TIR)-containing adaptor molecule. Both pathways can stimulate downstream signal cascades, inducing the production of proinflammatory cytokines, chemokines, and type I interferon 17 . NF-κ B, a ubiquitous transcription factor, can govern the expression of certain proinflammatory and immune system-modulated genes 18 . NF-κ B activation has been demonstrated with the development and survival of the activated HSCs 19, 20 . One mechanism for this phenomenon is the response triggered by LPS signaling through TLR4. In brief, TLR4 activation in KCs and HSCs can cause the release of inflammatory cytokines and chemokines including interleukin (IL)-1, IL-6 and TNF-α as well as profibrogenic cytokines including transforming growth factor-b1 (TGF-β 1). TGF-β 1, a key activator of HSCs, can up-regulate the syntheses of some proteins associated with ECM and the cellular receptors of several matrix proteins 21, 22 to further promote hepatocyte injury and death as well as the deposition of ECM components in liver 16 . Although many efforts have been made to investigate the underlying mechanisms of ALF, the effective treatment methods remain controversial and uncertain. Therefore, it is urgent to develop new drugs with high efficiency and low side-effect for the treatment of ALF. Herbal medicines have been used to treat hepatic fibrosis for a long time, and many natural products including sauchinone and helenalin show potent effects against hepatic fibrosis 23, 24 . Thus, it is reasonable to explore new and effective natural products from medicinal herbs for the treatment of ALF.
Dioscin (Dio, shown in Supplemental Fig. 1 ), a natural steroid saponin, is widely present in some medicinal herbs 25 . Pharmacological studies have demonstrated that dioscin has anti-tumour and anti-hyperlipidaemic 26, 27 activities. In our previous studies, the protective effects of dioscin against carbon tetrachloride (CCl 4 )-and paracetamol-induced acute liver damages 28, 29 have been reported, and the actions of this compound against non-alcoholic fatty liver disease (NAFLD) and hepatic ischemia-reperfusion injury in rats have also been reported 30, 31 . Furthermore, we also found that dioscin shows significantly protective effects against ethanol-induced liver injury 32 . However, to the best of our knowledge, the effects and molecular mechanisms of dioscin against ALF remain unknown.
Therefore, the aim of the present paper was to investigate the effects and possible mechanisms of dioscin against ALF.
Results
Dioscin inhibits proliferation of HSCs treated with LPS. As shown in Fig. 1A , dioscin significantly inhibited cell proliferation, and the compound at the concentrations of 0.5, 0.25 and 0.125 μ g/ml for LX2 cells, (Fig. 1B,C) . Importantly, dioscin at the concentrations of 1.0, 0.5, 0.25 and 0.125 μ g/ml was not toxic to the isolated mouse primary hepatocytes (Fig. 1D ).
Dioscin rehabilitates alcohol-induced liver fibrosis and injury in mice. As shown in Fig. 2A , the livers from the normal group had an intact lobular architecture with clear central veins and radiating hepatic cords, whereas the livers from the alcohol-treated group exhibited extensive and severe haemorrhagic necrosis, destruction of liver architecture, inflammatory cell infiltration, and obvious hepatic collagen deposition. The mice in dioscin-treated (80, 40 and 20 mg/kg) groups showed significant reduction in hepatic fibrosis from 30.5% to 4.3%, 9.6%, and 14.7% by Sirius red staining, and also reduced the fibrosis from 9.7% in model group to 1.87%, 2.89% and 4.42% by Masson staining (Fig. 2B ). These data indicated that dioscin attenuated alcohol-induced liver fibrosis and injury in mice. As shown in Fig. 2C , the increased AST and ALT levels were significantly attenuated by dioscin compared with model group. As shown in Fig. 2D , the level of LPSBP, a surrogate marker of LPS-TLR4 activation 33 , was notably increased in model mice, and dioscin treatment did not lead to a significant decrease.
Dioscin attenuates inflammation and fibrosis in vivo. As shown in Fig. 3A , the expression levels of TLR4, MyD88, NF-κ B, TGF-β 1, p-Smad2, α -SMA and COL1A1 in model group were markedly increased compared with normal mice, which were all significantly down-regulated by dioscin. The results of statistical analysis are provided in Supplemental Fig. 2 . The livers from the mice in model group exhibited drastically increased hepatic mRNA levels of TNF-α , IL-1 and IL-6, which were all significantly decreased to 3.62-, 3.35-and 3.14-fold by 80 mg/ kg of dioscin (Fig. 3B ). In addition, the increased mRNA levels of TGF-β 1, α -SMA and COL1A1 caused by alcohol were all significantly decreased to 3.13-, 4.12-and 4.07-f old, respectively, by 80 mg/kg of dioscin (Fig. 3C) . Together, these data indicated that dioscin-attenuated liver fibrosis via down-regulating TLR4, not LPSBP.
Dioscin inhibits kupffer cells and HSCs activations in vivo.
As shown in Fig. 4A , the CD68 + KCs were obviously found in model group, which were significantly decreased by dioscin based on immunofluorescence assay, and the expression level of CD68 was also down-regulated by the compound based on western blotting assay (Fig. 4B ). In addition, the effect of dioscin on HSCs activation in vivo was tested, and the results showed that the expression levels of fibronectin (shown in Supplemental Fig. 3 ), α -SMA and TGF-β 1 (Fig. 4C,D) in the dioscin-treated mice were signifi -cantly decreased compared with those in the alcohol-treated mice. Furthermore, the p-Smad2 was obviously found in model group, which was significantly decreased by dioscin based on immunohistochemistry assay (shown in Supplemental Fig. 4 ).
Dioscin reduces α-SMA and fibronectin levels in culture-activated HSCs. As shown in Fig. 5A ,B, as expected, dioscin significantly reduced the mRNA level of α -SMA. However, dioscin at a concentration of over 1.0 μ g/ml for HSC-T6 cells or 0.5 μ g/ml for LX2 cells had no additional impact on α -SMA levels. Thus, dioscin at the concentration of 1.0 or 0.5 μ g/ml to treat the culture-activated HSC-T6 and LX2 cells was used. As shown in Fig. 5C ,D, the results showed that the levels of fibronectin and α -SMA were substantially decreased in HSC-T6 and LX2 cells by dioscin compared with the control groups based on immunofluorescence assays.
Dioscin attenuates inflammation and inhibits HSCs activation in vitro.
As shown in Fig. 6A ,B, the expression levels of TLR4, MyD88, NF-κ B, TGF-β 1, p-Smad2, α -SMA and COL1A1 in HSC-T6 and LX2 cells were significantly down-regulated by dioscin compared with the model groups. The results of statistical analysis are provided in Supplemental Fig. 5 . In addition, the mRNA levels of TNF-α , IL-1 and IL-6 were all significantly decreased in HSC-T6 and LX2 cells treated with dioscin ( Fig. 6C,D) . With regard to the attenuating inflammation by dioscin, TLR4 gene transfection approach was used. As shown in Fig. 7A ,B, TLR4 gene transfection weakened the inhibitory effect of MyD88 by dioscin (Supplemental Fig. 6 ). Similar results were also found for fibronectin and COL1A1 levels after TLR4 gene transfection (Fig. 7C,D ).
MyD88 and NF-κB mediate the inhibitory effect of HSCs activation by dioscin. As shown in 
Discussion
Alcohol abuse, one of the major causes of liver fibrosis, is sharply increasing worldwide 34 . ALF, a result of alcoholic liver injury, is characterised by the excessive accumulation of ECM in the liver. In contrast with the traditional view, ALF is a passive and irreversible pathological process induced by the necrosis of liver parenchymal cells, and recent evidences have shown that even advanced fibrosis is reversible 35, 36 . Thus, development of novel and effective treatment method to reverse ALF is critical important. In the present work, dioscin showed significant effects against ALF as evidenced by the decreased AST and ALT levels, and the alleviation of histopathological changes. Furthermore, dioscin was effective in suppressing the TLR4/MyD88/NF-κ B signaling pathway to inhibit HSCs activation and reduce ECM accumulation for attenuating liver fibrosis in vivo and in vitro.
Chronic hepatic inflammation is tightly linked to fibrosis in liver disease. Whereas chronic activation of inflammatory pathway has been shown to promote hepatocarc -inogenesis 37, 38 , the molecular link between inflammation and hepatic fibrogenesis remains elusive. Liver is a main target of intestinally derived bacterial product, and the rate of bacterial translocation is increased in various models of hepatic diseases 39 . Here, we demonstrated that TLR4-mediated myofibroblast activation and fibrogenesis in liver, and TLR4-dependent modulation of TGF-β 1 signaling provided a link between proinflammatory and profibrogenic signals.
It is well known that LPS/TLR4 signaling is critically involved in HSCs transactiv -ation during liver injury 40 . In addition, the increased gut permeability results in the increased LPS levels during ALD, and chronic liver injury and inflammation can promote HSCs activation and cause liver fibrosis 12 . Proinflammatory cytokines including interleukins (IL-1 and IL-6) and TNF-α are produced by inflammatory cells, and their levels are strictly regulated by proinflammatory and anti-inflammatory responses 41 . In these processes, NF-κ B plays an important role in the regulation of inflammatory responses 42, 43 . NF-κ B activation can affect the levels of various proinflammatory cytokines including IL-1, IL-6 and TNF-α , and the profibrogenic factors including TGF-β 1, which can enhance the survival and proliferation of activated HSCs 44 . In the present work, the antinflammatory capability of dioscin mainly resulted from decreased levels of MyD88, NF-κ B, IL-1, IL-6 and TNF-α via the reduction of TLR4 expression. MyD88 played a role in the inhibitory effect of HSCs activation by dioscin, including reducing the expression levels of TGF-β 1, α -SMA, COL1A1, fibronectin, and suppressing COL1A1 production. Thus, NF-κ B pathway was involved in dioscin-mediated inhibition of HSCs activation in vivo and in vitro.
During the fibrogenesis development, many pathological factors including inflammation derived from KCs, angiogenesis and HSCs activation can lead to collagen deposition 45 . KCs or resident hepatic macrophages play an important role in modulating inflammation in liver fibrosis 46 . HSCs are the key effectors in the pathogenesis of liver fibrosis 47 . Therefore, the activated HSCs are considered as a major target for the attenuation or reversal of liver fibrosis 48 . Our results indicated that dioscin remarkably suppressed KCs, which was demonstrated by the decreased levels of CD68, and also suppressed HSCs activation in vitro and in vivo in association with reduced levels of TGF-β 1, p-Smad2, COL1A1, α -SMA and fibronectin. In addition, primary mouse hepatocytes were not affected by dioscin under the used concentrations in this study. Thus, dioscin was not toxic to the hepatic parenchymal cells.
TLR4 has a critical role in alcohol-induced liver damage through inflammatory cytokine induction, independent of the common TLR adapter, MyD88 expression 49, 50 . The results of this study showed that dioscin partially inhibited MyD88 level but did not completely abolish the inhibition of secreted collagen production. In addition, MyD88 was essential, but not sufficient, for the suppression of secreted collagen production and one or more factors in addition to MyD88 were also involved in this process. These data demonstrated that the decreased TLR4 expression by dioscin may underlie the decreased MyD88 expression. To clearly demonstrate whether TLR4 gene overexpression can affect COL1A1 production, we measured the levels of COL1A1 in HSC-T6 and LX2 cells following TLR4 overexpression, and the results suggested that the alterations in COL1A1 levels by dioscin may be mediated by TLR4.
It has been reported that NF-κ B pathway plays an important role in regulating fibrogenic responses in liver, which is consistent with the recent report of decreased hepatic fibrogenesis after NF-κ B inhibition 51 . In this study, we demonstrated that NF-κ B signaling regulated the COL1A1 level in culture-activated HSCs. The level of COL1A1 still remained after PDTC inhibition, suggesting that other signaling pathways may also be involved. Importantly, the present study indicated that NF-κ B served as a molecular link between inflammatory signal and HSCs activation. PDTC partially blocked the increased levels of TGF-β 1, α -SMA and COL1A1, but PDTC alone had only a negligible effect on MyD88, suggesting that MyD88 was located upstream of NF-κ B, and regulated collagen expression through NF-κ B in culture-activated HSCs.
In conclusion, based on our observations, a simplified pathway to describe the possible involvement of TLR4/ MyD88/NF-κ B signaling pathway in the inhibition of HSCs activation caused by dioscin in vivo and in vitro was found (Fig. 9 ). Dioscin decreased the MyD88 level via down-regulating TLR4 expression. Inhibition of NF-κ B leaded to the inhibition of HSCs activation. Notably, the underlying mechanisms are certainly more complex than what is described here. In addition, our results do not exclude the possible involvement of other signaling pathways and mechanisms caused by dioscin to suppress ALD. These findings provide novel insights into the mechanisms of dioscin as a potent antifibrotic agent that may be used to treat ALF. However, at the present time, dioscin has only been used as one raw material to treat liver fibrosis in animals or cells, and is not suitable for directly used in clinical settings. Thus, the clinical application and data to support the present findings of the natural product are necessary in the future.
Materials and Methods
Tested drug. Dioscin was isolated from Dioscorea nipponica Makino in our laboratory with a purity of over 98%, and was analysed by high-performance liquid chromatography, and the chemical structure of the compound was identified by mass spectrometry and nuclear magnetic resonance 25, 52 . Dioscin was dissolved in 0.5% carboxymethylce -llulose sodium (CMC-Na), which was freshly prepared each day and administered intragastrically (i.g.) to the mice at doses of 80, 40 and 20 mg/kg once daily according to our previous study 32 .
Chemicals and reagents.
Pyrrolidine dithiocarbamate (PDTC) and ST2825 were purchased from SigmaAldrich (St. Louis, MO, USA). Alanine aminotransferase (ALT) and aspartate amino -transferase (AST) kits were obtained from the Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). A tissue protein extraction Animal models and experimental protocol. Five-week-old male C57BL/6J mice were purchased from the Experimental Animal Centre of Dalian Medical University, Dalian, China (quality certificate number: SCXK (Liao) 2008-0002). After 1 week of acclimatisation, the mice were randomly divided into five groups (n = 8 per group) as follows: control; alcoholic (Alc); and dioscin-treated (20, 40 and 80 mg/kg) groups, including Alc + Dio 80, Alc + Dio 40 and Alc + Dio 20. The mice were fed a commercially available liquid diet, according to Lieber and DeCarli28 (BioServ, Frenchtown, NJ, USA), which contained either ethanol (gradually increased to a final alcohol dose of 32 g/kg/day, equivalent to 36% of caloric intake) or maltose-dextrin (pair-fed group). After 14 weeks of feeding on the control or alcohol diet, the mice were sacrificed after an overnight fast. Then, blood and liver tissue were collected and stored for further analysis. All animals were housed in a controlled environment at 23 ± 2 °C Assessments of biochemical parameters. The serum activities of AST and ALT were detected using detection kits based on the manufacturer's instructions. The serum level of LPS-binding protein (LPSBP) was determined using a sandwich enzyme-linked immunosorbent assay (ELISA; Abnova Corporation, Taiwan, China), as recommended by the manufacturer. All assays were performed in triplicate.
Histological and immunohistochemical assays. Liver tissues were fixed in 10% formalin and embedded in paraffin. Five-micron-thick sections were stained with haematoxylin-eosin (H&E), Masson and Sirius red stains. Images were acquired by light microscopy (Nikon Eclipse TE2000-U, Nikon, Japan), and the degree of liver fibrosis was quantified using Image-Pro Plus 6.0 software. For immunohistochemical staining, the paraffin sections were incubated with an anti-TGF-β 1 and p-Smad2 antibodies and a biotinylated secondary antibody, followed by incubation with an avidin-biotin-peroxidase complex. Then, the signals were visualised using DAB. Images were acquired by light microscopy (Nikon Eclipse TE2000-U, Nikon, Japan).
Cell culture. Immortalised rat HSC-T6 and human LX2 cell lines with the characteristics of an activated HSCs phenotype were purchased from the Cell Bank of the Xiangya Central Experiment Laboratory of Central South University (Changsha, China) and the Cancer Institute and Hospital of the Chinese Academy of Medical Sciences, Beijing, China. The cells were cultured in Dulbecco's Modified Eagle's Medium (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS and antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin) in humidified air containing 5% CO 2 at 37 °C. HSC-T6 and LX2 cells were pretreated with different concentrations of dioscin (1, 0.5 and 0.25 μ g/ml for HSC-T6; and 0.5, 0.25 and 0.125 μ g/ml for LX2) and challenged with LPS (100 ng/ml) for 24 h. Cell toxicity assay. Hepatocyte cells were isolated from male C57BL/6J mice (20 ± 2 g) and cultured as previously described 53, 54 . The isolated mouse primary hepatocyte cells were plated into 96-well plates at a density of 5 × 10 4 cells/ml per well for 24 h before treatment and then incubated for another 24 h in the presence of different concentrations of dioscin (1, 0.5 and 0.25 μ g/ml). The cell toxicity caused by dioscin was measured using the MTT method.
Immunofluorescence assay of α-SMA and fibronectin in cells and liver. The HSC-T6 and LX2 cells were plated into 12-well plates (2 × 10 5 cells/well) with aseptic coverslips, pretreated with different concentrations of dioscin (1, 0.5 and 0.25 μ g/ml for HSC-T6; and 0.5, 0.25 and 0.125 μ g/ml for LX2) and challenged with LPS (100 ng/ml) for 24 h. After incubation, the cells were washed with PBS. Then, they were fixed in 4% formaldehyde in PBS for 10 min and permeabilised with 0.2% Triton-X 100 in PBS for 10 min at room temperature. The cells were incubated with 2% BSA for the blocking of nonspecific binding sites. The paraffin sections from the animals were deparaffinised with xylene (two times for 15 min each) and rehydrated with different concentrations of alcohol (100, 90, 80, 70 and 60%) for 5 min. After the sections were incubated in 3% H 2 O 2 in PBS for 30 min, nonspecific protein binding was blocked using normal goat serum for 30 min. A primary antibody against CD68 (1: 100 dilution), α -SMA (1: 100 dilution) or fibronectin (1: 100 dilution) was incubated with the fixed cells and the formalin-fixed and deparaffinised liver tissue sections overnight at 4 °C, and then the cells and liver tissue sections were incubated with a fluorescein-labelled secondary antibody for 1 h. Eventually, cell nuclei were stained with DAPI (5 μ g/ml). All samples were imaged using a laser scanning confocal microscope (Leica, TCS SP5, Germany).
COL1A1 ELISA. The level of secreted COL1A1 in the culture media was measured using a Rat Col I EIA Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Inhibitors of MyD88 and NF-κB in cells.
The HSC-T6 and LX2 cells were plated into 6-well plates (2 × 10 5 cells/well), and then the cells were exposed to ST2825 (20 μ M) or PDTC (100 μ M) 55 for 2 h. After incubation, the cells were pre-treated with dioscin (1.0 μ g/ml for HSC-T6 cells and 0.5 μ g/ml for LX2 cells) and challenged with LPS (100 ng/ml) for 24 h for further analysis.
TLR4 gene transfection.
The HSC-T6 and LX2 cells were transfected with pPICZA-TLR4 plasmid DNA using Lipofectamine Plus Reagent (Invitrogen Life Technologies, CA, USA) according to the manufacturer's instructions. 24 h after transfection, the cells were subjected to serum deprivation for 24 h before exposure to LPS (100 ng/ml) in the presence or absence of dioscin (1.0 μ g/ml for HSC-T6 and 0.5 μ g/ml for LX2) for an additional 24 h.
Quantitative real-time PCR assay. Total RNA samples from the culture-activated HSC-T6 and LX2 cells and mouse livers were extracted using RNAiso Plus reagent following the manufacturer's protocol. Reverse transcription for cDNA synthesis and quantitative real-time PCR were performed as previously described 56 . The forward (F) and reverse (R) primers for the tested genes are listed in Supplemental Table 1 . For each sample, the Ct values for the target gene and GAPDH (as a calibrator) were determined based on standard curves. The calculated relative Ct value of each gene was divided by the relative value of GAPDH. Then, the expression level of each gene in the control group was set to one-fold and used to determine the relative levels in the other samples (n-fold).
Western blotting assay. Total cellular protein from the culture-activated HSC-T6 and LX2 cells and mouse livers were extracted following standard protocols (Beyotime Biotechnology, Haimen, China), and the protein content was determined using a BCA Protein Assay Kit from Beyotime Biotechnology. Proteins (50 μ g/lane) were subjected to SDS-PAGE and then transferred to a nitrocellulose membrane. After blocking, the membranes were incubated for 1 h at room temperature or overnight at 4 °C. The primary antibodies are listed in Supplemental Table 2 . The blots were then incubated with horseradish peroxidise-conjugated antibodies for 2 h at room temperature at a 1: 2000 dilution (Beyotime Institute of Biotechnology, China). Protein expression was detected by the enhanced chemiluminescence (ECL) method and imaged with a Bio-Spectrum Gel Imaging System (UVP, USA). To eliminate variations due to protein quantity and quality, the data were adjusted to GAPDH expression (IOD of objective protein versus IOD of GAPDH protein). However, the protein levels of p-Smad2/Smad2 were not adjusted to GADPH expression.
Statistical analyses. All data were evaluated as the mean and standard deviation (SD). Statistical analysis of the quantitative data for multiple group comparisons was performed using one-way analysis of variance (ANOVA) followed by Duncan's test, whereas paired comparisons were performed using the t test with SPSS software (ver. 20.0; SPSS, Chicago, IL, USA). The results were considered to be significant at p < 0.05.
